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ABSTRACT Sequence homology and molecular modeling
studies have suggested that the N-terminal one-third of the
flavivirus nonstructural protein NS3 functions as a trypsin-like
serine protease. To examine the putative proteolytic activity of
NS3, segments of the yellow fever virus genome were subcloned
into plasmid transcription/translation vectors and cell-free
translation products were characterized. The results suggest
that a protease activity encoded within NS2B and the N-ter-
minal one-third of yellow fever virus NS3 is capable of cis-
acting site-specific proteolysis at the NS2B-NS3 cleavage site
and dilution-insensitive cleavage of the NS2A-NS2B site. Site-
directed mutagenesis of the His-53, Asp-77, and Ser-138 resi-
dues of NS3 that compose the proposed catalytic triad impli-
cates this domain as a serine protease. Infectious virus was not
recovered from mammalian cells transfected with RNAs tran-
scribed from full-length yellow fever virus cDNA templates
containing mutations at Ser-138 (which abolish or dramatically
reduce protease activity in vitro), suggesting that the protease
is required for viral replication.

Yellow fever virus (YF), the prototype member of the family
Flaviviridae, contains a single molecule of positive-stranded
RNA =11 kilobases long (1). The gene order is 5'-C-prM-E-
NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3’ where C, prM,
and E denote the structural protein precursors and NS1
through NSS represent the nonstructural proteins (NSs). A
single long open reading frame encodes these proteins, which
are produced by proteolytic cleavage (1, 2). It has been
proposed that the structural protein precursors and the N
terminus of NS4B are processed cotranslationally by host
signalase in association with membranes of the endoplasmic
reticulum (3, 4). In contrast, cleavages generating the N
termini of the nonstructural proteins NS2B, NS3, NS4A, and
NS5, which follow dibasic amino acid residues (for review,
see ref. 5), occur rapidly and efficiently in YF-infected cells
(3) and are proposed to be mediated by a viral protease
located in the cytoplasm (ref. 1; for review, see ref. 5).

A number of positive-stranded RNA viruses encode pro-
tease domains (for review, see ref. 6) that are homologous to
the cellular trypsin-like serine proteases (see ref. 7). Among
the flaviviruses, sequence homology and molecular modeling
studies have predicted that the N-terminal 180 amino acids of
the large, highly conserved NS3 protein contain a serine
protease-like domain (8, 9). The positions of three amino acid
residues of YF NS3 (His-53, Asp-77, and Ser-138) are strictly
conserved among flaviviruses and correspond spatially to the
catalytic triad of the trypsin-like serine proteases.
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In this report we have obtained evidence for a protease
activity encoded by the YF NS2B-NS3 region, mutagenized
the histidine, aspartic acid, and serine residues in the pro-
posed NS3 catalytic triad, and have studied the effects of
mutations that abolish or diminish the in vitro cleavage
activity on YF infectivity.

MATERIALS AND METHODS

Cell Culture and Virus Infection. Growth of BHK-21 cell
monolayers and their infection with the YF 17D strain were
carried out as described (10).

Construction of Transcription Vectors. DNA cloning was
done using standard procedures (11). The transcription vec-
tor pET8C (12) contains a promoter for T7 RNA polymerase,
followed by a unique Nco I site (CCATGG) with the ATG in
an appropriate context for either prokaryotic or eukaryotic
expression (12). Regions of YF cDNA were subcloned into
pET8C using this Nco I site and a BamHI site preceding the
T7 terminator (12). For construction of pET8C-NS2B3.1,
YFMS5.2 DNA (13) was subjected to polymerase chain reac-
tion amplification using two synthetic oligonucleotide prim-
ers (14) that positioned an Nco I site upstream from the NS2B
N terminus and a termination codon (UAA), followed by a
Bgl 11 restriction site after amino acid 181 of NS3. Amplified
fragments were partially digested with Nco I (NS2B contains
an internal Nco I site) and Bg! II and inserted into the pET8C
vector after digestion with Nco I and BamHI. The structure
of the polymerase chain reaction-amplified region was veri-
fied by sequencing. For construction of the pET8C-
NS2A*2B3.1 plasmid, the 284-base-pair Nco I fragment of
pET8C-NS2B3.1 was replaced with the 623-base-pair Nco 1
fragment (YF nucleotides 3510-3835) from pYFM3.3 (13).

Full-length YF ¢cDNA templates for in vitro transcription
were constructed by in vitro ligation of restriction fragments
from pYFMS5.2 or mutant derivatives and pYF5'3'IV plas-
mids (13). The pYFMS5.2 derivatives with mutations in the
NS3 protease domain were constructed by replacing the Sst
1 fragment of pYFM5.2 (YF nucleotides 4335-5111) with the
corresponding Sst I fragment from the clones produced by
site-directed mutagenesis (see below).

Site-Directed Mutagenesis. Mutations in the putative pro-
tease domain were made by oligonucleotide-directed muta-
genesis using uridylated (15) phagemid DNA. The phagemid
was a derivative of pET8C-NS2B3.1, called pET/BS(+)
NS2B3.1, constructed by subcloning the Fsp I-Sca I frag-
ment of pBluescript II SK(+) (Stratagene) containing the f1

Abbreviations: YF, yellow fever virus; NS, nonstructural protein.

#Present address: Department of Biochemistry, Faculty of Science,
The Australian National University, Canberra, A.C.T. 2601, Aus-
tralia.

ITo whom reprint requests should be addressed.



Biochemistry: Chambers et al.

origin into pET8C-NS2B3.1 that had been digested with
EcoRY and Sca I. The strand rescued with M13 helper phage
corresponded to the YF plus strand. Mutations, verified by
sequence analysis, were as follows: His-53 — Ala (CAU —
GCU), Asp-77 — Asn (GAC — AAC), Asp-77 — Ala (GAC
— GCU), Ser-138 — Ala (UCA — GCU), and Ser-138 — Cys
(UCA — UGC).

In Vitro Transcription and Transfection. The 5’ capped
RNA transcripts were synthesized using T7 or SP6 RNA
polymerase and linearized DN A templates (13). Transfection
of BHK-21 cells and plaque assay for YF were performed as
described (13).

Cell-Free Translation and Protein Analyses. Cell-free trans-
lation was performed using rabbit reticulocyte lysate
(Promega) and following the manufacturer’s specifications.
Proteins were labeled by inclusion of [*S]methionine,
[*Hlleucine, [*H]valine, or [*Hltryptophan (Amersham).
Translation products were immunoprecipitated with NS2B-
and NS3-specific rabbit antisera (3, 10). SDS/PAGE, fluo-
rography, and partial N-terminal amino acid sequencing were
performed essentially as described (3).

RESULTS

Cell-Free Expression of a Protease Activity Cleaving at
NS2A-NS2B and NS2B-NS3. Fig. 1 illustrates the region of the
YF polyprotein represented in the pET8C transcription vec-
tors pET8C-NS2B3.1 and pET8C-NS2A*2B3.1 The primary
translation product derived from transcripts of pET8C-
NS2B3.1 (denoted NS2B3.1) includes two extra N-terminal
amino acids (Met-Ala), the entire NS2B protein, and the first
181 amino acids of NS3 that contains the putative protease
domain. The primary translation product from pETS8C-
NS2A*2B3.1 (denoted NS2A*2B3.1) contains an additional
N-terminal extension into the NS2A protein that includes the
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F1G. 1. Regions of the YF polyprotein utilized for in vitro
expression. The top line indicates the YF genome organization.
Below is the region encoding the proteins NS2A, NS2B, and NS3.
Shaded and striped portions of NS3 represent the putative protease
and helicase domains, respectively, and the residues of the proposed
catalytic triad of the protease are indicated (8, 9). The pET8C
constructs are described in the text. AA, amino acid(s); kd, kDa.
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last 115 amino acids of NS2A and the proper NS2A-NS2B
cleavage site. Possible protease activity associated with these
regions of the YF polyprotein was examined by translating
capped RNA transcripts in a rabbit reticulocyte lysate.

Fig. 2 illustrates the translation products of pET8C-
NS2B3.1 and pET8C-NS2A*2B3.1 RNAs immunoprecipi-
tated with antisera specific to the NS2B and NS3 proteins.
For pET8C-NS2B3.1, the sizes and immunoreactivity of the
translation products were consistent with their identification
as NS2B3.1 (35 kDa), NS3.1 (21 kDa), and NS2B (15 kDa).
A 33-kDa protein that reacted with both antisera was not
characterized further. These products were not observed in
translations performed in the absence of exogenous RNA.
Translation in the presence of canine microsomal membranes
did not significantly change the protein pattern (data not
shown). The N-terminal sequence of the 21-kDa protein (Fig.
3) corresponded to the authentic N terminus of NS3 gener-
ated in vivo (2).

Translation of pPET8C-NS2A*2B3.1 RNA yielded products
whose sizes and immunoreactivity were consistent with their
identification as NS2A*2B3.1 (43 kDa), NS2A*2B (23 kDa),
NS3.1 (21 kDa), and NS2B (15 kDa) (Fig. 2). The NS2A*
protein was not identified due to lack of an appropriate
antiserum. The addition of microsomal membranes increased
the amount of the 23-kDa protein but did not otherwise
change the protein pattern (data not shown). The N-terminal
sequence of the 15-kDa protein (Fig. 3) corresponded to the
N terminus of authentic YF NS2B (10). These results are
consistent with the hypothesis that a proteolytic activity
residing within NS2B-NS3.1 mediates site-specific cleavage
at the authentic NS2A-NS2B and NS2B-NS3 cleavage sites.
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Fi1G. 2. Identification of in vitro translation products of tran-
scripts from pET8C-NS2B3.1 and pET8C-NS2A*2B3.1. Reaction
mixtures contained =100 ng of RNA in the presence of [*°S]-
methionine at 30°C. Reactions were terminated after 30 min
(NS2B3.1) or 60 min (NS2A*2B3.1) by addition of SDS to 0.5% and
proteins were immunoprecipitated and analyzed by SDS/PAGE
using14%gels, followed by fluorography. Lanes: YF, [*>S]methionine-
labeled YF-specific protein markers from infected BHK-21 cells (3);
No RNA, reaction performed without exogenous RNA immunopre-
cipitated with a mixture of antiserum specific for NS2B and NS3;
2B+3, samples immunoprecipitated with a mixture of antiserum to
NS2B and NS3; 2B and 3, samples immunoprecipitated with anti-
serum to NS2B or NS3, respectively. Positions of molecular mass
markers (determined by staining with Coomassie blue) are indicated
at left in kDa.
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Fi1G. 3. N-terminal amino acid sequence analysis of YF NS3.1
and NS2B produced by cleavage in vitro during cell-free translation
of RNA transcripts derived from pET8C-NS2B3.1 and pET8C-
NS2A*2B3.1. The graphs show cpm of *H recovered after each cycle
of Edman degradation. The N terminus of NS3.1 is, by comparison
with the known N terminus of YF NS3 (1, 16), SGDVLW
DIPTPKIIEECEHLEDGIY, where underlined amino acids repre-
sent 3H-labeled residues detected by sequence analysis. The N
terminus of NS2B is, by comparison with the known N terminus of
YF NS2B (1, 10), SIPVNEALAAAGLVGVLAGLAFQEM, where
underlined amino acids represent 3H-labeled residues detected by
sequence analysis.

Mutagenesis of the Putative Catalytic Triad. Since homol-
ogy of trypsin and YF NS3 implicated the His-53, Asp-77,
and Ser-138 NS3 residues as the active site residues of the
putative NS3 protease, we analyzed the protease activity in
vitro of mutant NS2B3.1 proteins in which each of these
residues had been altered by site-directed mutagenesis. In
contrast to the parental pPET8C-NS2B3.1 RNA, translation of
RNAs derived from the His-53 to Ala, Asp-77 to Asn, Asp-77
to Ala, and Ser-138 to Ala mutants failed to yield detectable
cleavage products (Fig. 4). Translation of RNA derived from
the Ser-138 to Cys mutant yielded diminished quantities of
the NS3.1 and NS2B cleavage products. Although effects on
substrate conformation cannot be excluded, these results
suggest that the cleavages observed in the reticulocyte sys-
tem are not due to an endogenous protease activity. In
addition, the effect of substitutions at His-53, Asp-77, or
Ser-138 on the cleavage efficiency in vitro suggests that these
residues are important for catalytic activity although a role
for NS2B in modulating catalytic function is not excluded.

Effect of Dilution on NS2B3.1 Cleavage Activity. If the
cleavages observed in vitro occur in cis, then dilution of the
translation products should have little effect on cleavage
efficiency (17). Fig. § illustrates the effect of dilution of the
cleavage activity of the protease encoded by NS2B3.1. In a
pulse—chase protocol, as NS2B3.1 and the 33-kDa protein
disappeared, the levels of the NS2B and NS3.1 increased,
suggesting a precursor-product relationship. This processing
reaction was insensitive to dilution over a 40-fold range.
These results suggest cis-acting proteolysis at the NS2B-NS3
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Fi1G. 4. Cleavage of NS2B3.1 products containing altered resi-
dues in the proposed catalytic triad. Reaction mixtures contained
100-200 ng of RNA in the presence of [**S]methionine at 30°C. After
30 min, proteins were immunoprecipitated with a mixture of antise-
rum to NS2B and to NS3, and samples were analyzed by SDS/PAGE
on 14% gels, followed by fluorography. Lanes: WT, parental YF
sequence; H—> A, D > A, D—> N, S - C, S —> A, mutations
described in the text, but using the single letter code for amino acids;
YF, YF protein markers. Positions of molecular mass markers are
indicated at the left in kDa.

cleavage site but do not rule out an efficient trans cleavage.
The latter alternative is not favored since trans cleavage of
catalytically inactive substrates containing the NS2B-NS3
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Fic. 5. Effect of dilution on NS2B3.1 cleavage. Reaction mix-
tures contained =100 ng of RNA in the presence of [**S]methionine.
After incubation at 30°C for 15 min, cycloheximide and unlabeled
methionine were added to 100 ug/ml, and incubation was continued
for 30 min. Diluted samples (0, 1:5, 1:10, 1:20, 1:40) were prepared
by adding a portion of the reaction mixture to blank reticulocyte
lysate that had been treated in the same manner. Proteins were
analyzed as described in Fig. 2. Lane YF indicates YF protein
markers. Positions of molecular mass markers are indicated at the
left in kDa.
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Table 1. Effect of mutations at Ser-138 of NS3 on infectivity of
YF RNA transcripts

Mutation pfu

Ser 60
Ser — Ala 0
Ser — Cys 0

RNA transcripts were derived from full-length cDNA templates
containing serine, alanine, or cysteine at NS3 position 138. Relative
quantities of full-length RNA as determined by agarose gel electro-
phoresis appeared identical for the three preparations. Plaque-
forming units (pfu) on BHK-21 monolayers, produced per 30 ng of
total RNA transcribed from in vitro-ligated full-length YF cDNA
templates are shown, extrapolated from values obtained from infec-
tious center assays performed in the range of 10 ng.

cleavage site has not been demonstrable in vitro (data not
shown).

A similar experiment using the NS2A*2B3.1 protein dem-
onstrated that production of NS2B from this polyprotein was
also insensitive to dilution (data not shown). In addition, for
NS2A*2B3.1, an NS2B3.1 species (35 kDa) was not observed
(Fig. 2), suggesting that the NS2B-NS3 cleavage can occur
prior to the NS2A-NS2B cleavage.

Effect of Ser-138 Mutations on YF Infectivity. Two muta-
tions that either abolish (Ser-138 to Ala) or significantly
reduce (Ser-138 to Cys) the NS2B3.1 cleavage activity in
vitro were analyzed in vivo by transfection of BHK cells with
RNA transcripts derived from full-length YF ¢cDNA tem-
plates containing these mutations. In contrast to RNA tran-
scripts derived from parental YF clones, no plaques were
observed after transfection with these mutant RNAs (Table
1). If these mutations were deleterious for virus replication
then leaky revertants would be expected to arise at some
frequency. Revertants capable of forming plaques were not
found, suggesting an early block, perhaps in viral RNA
replication. However, direct measurements of virus-specific
RNA and protein synthesis in cells transfected with these
mutant RNAs will be required to elucidate the primary

defect(s).

DISCUSSION

This study provides strong evidence that a protease activity
is encoded within the YF NS2B-NS3 region, with specificity
for the Gly-(Ala)-Arg-Arg| Ser cleavage sites producing the N
termini of NS2B and NS3. In vitro, the cleavage activity is
rapid, relatively efficient, and, at least for this subregion of
the YF polyprotein, not dependent on the addition of mi-
crosomal membranes. The data indicate that the NS2B-NS3
site is cleaved in cis followed by a dilution-insensitive cleav-
age at the NS2A-NS2B site. Results of site-directed muta-
genesis of the His-53, Asp-77, and Ser-138 NS3 residues are
consistent with the hypothesis that the catalytic activity
resides in the NS3 domain and that these residues comprise
a serine protease-like catalytic triad (see below). Formal
proof that NS3 functions as a serine protease awaits purifi-
cation of the active enzyme and determination of a high-
resolution structure for the protease domain. Our results
suggest that this protease may play an essential role in virus
replication since a catalytically active domain appears to be
necessary for the recovery of infectious virus. However, the
participation of this NS3 domain in other essential viral
functions that were disrupted by the mutations at Ser-138
cannot be excluded.

Evidence That NS3 Is a Trypsin-Like Serine Protease. This
work tests the trypsin-like framework as a viable model for
the structure and catalytic activity of the YF NS3 protease
domain that mediates site-specific cis-acting cleavage at the
NS2A-NS2B and NS2B-NS3 sites in vitro. The current
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understanding of the structure and function of serine prote-
ases implicates a catalytic triad of histidine, aspartic acid, and
serine residues in the hydrolysis of substrate peptide bonds
(for review, see ref. 18). Comparative crystallographic anal-
ysis has revealed that the geometry of this catalytic triad
remains invariant in the frameworks of evolutionarily unre-
lated serine proteases and lipases (18-21). Individual cata-
lytic contributions of the triad residues have been probed by
mutagenic replacement in cellular enzymes: for example, the
substitution of histidine and serine with alanine in Bacillus
amyloliquifaciens subtilisin (22) or of serine with cysteine rat
anionic trypsin (23) results in significant decreases in enzy-
matic activity. For YF NS3, mutagenesis of NS3 His-53 and
Ser-138 to Ala and of Asp-77 to Asn or Ala independently
abolishes detectable proteolytic activity in this in vitro assay;
in contrast, the Ser-138 to Cys mutation measurably de-
creases protease activity but is not lethal for the enzyme.
These results are consistent with the proposed essential role
in catalysis of these residues. Similar substitutions have been
studied in the proposed serine protease catalytic triad (9) of
the Sindbis virus capsid protein autoprotease (24). This
cleavage, like the YF NS2B-NS3 cleavage, is rapid and
occurs in cis; and substitutions of cysteine or threonine but
not alanine or isoleucine for the proposed nucleophilic serine
still permits cleavage (24). Mutagenesis experiments have
also been carried out with viral cysteine proteases related to
the YF NS3 enzyme: Dougherty et al. (25), Ivanoff et al. (26),
and Cheah et al. (27) have mutated residues of the putative
catalytic triad (7) of the tobacco etch virus, poliovirus, and
human rhinovirus cysteine proteases, respectively. In par-
ticular, the substitution of the nucleophilic cysteine by serine
in the tobacco etch virus 49-kDa protease, a converse ex-
periment to the serine to cysteine mutations in YF NS3 (this
work) and rat trypsin (23), results in an enzyme with de-
creased activity.

NS3 Cleavage Site Preferences. Cellular enzymes closely
related to pancreatic trypsin retain a unique specificity for
basic residues in the substrate binding pocket based on the
electrostatic interaction of a conserved aspartic acid residue
with the bound arginine/lysine substrate residue (28). Flavi-
virus NS3 proteases are predicted to conserve a spatially
equivalent Asp-132 (YF numbering) residue, which may in
part explain the specificity of these proteases for cleavage at
sites after two basic amino acid residues (8). Other residues
in the NS3 protease and its substrates must also be important
in determining the restricted specificity of this protease as
compared to pancreatic trypsin. Our results show that this
specificity is unchanged for polypeptides containing only
NS2B and the first 181 residues of NS3. Mutagenesis of the
protease domain (by analogy to trypsin; refs. 18 and 29) as
well as the cleavage sites can now be used to define specific
residues important for this specificity. Since the NS3 prote-
ase domains and the nonstructural protein cleavage sites are
highly conserved among flaviviruses (for review, see ref. 5)
and the genetic data suggest that the YF NS3 protease is
essential for virus production (this study), inhibitors specific
for the NS3 protease, if they can be identified or designed,
may be useful for general and effective antiviral therapy in
flavivirus infections.

Implications for Processing of the YF Polyprotein. The
current model for flavivirus polyprotein processing impli-
cates the NS3 protease domain in cleavage of the sites that
generate the N termini of NS2B, NS3, NS4A, and NS5 (for
review, see ref. 5). The NS3 protease may also mediate
cleavage of the anchored capsid protein to produce the
mature form associated with virus particles (5, 30), thus
playing an important role not only in production of the RNA
replicase components but also in virion assembly.

If the data presented herein for cleavage in vitro can be
extrapolated to in vivo processing, then the nascent NS3
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protease domain should efficiently mediate the cytoplasmic
cleavages necessary to generate NS2B essentially in cis.
These results are consistent with the inability to detect
NS2B-related precursors in pulse—chase analyses of YF-
infected cells (3). The in vitro data also suggest that NS2A*2B
and NS3.1 remain associated as a complex such that the
slower NS2A*-NS2B cleavage is preferentially catalyzed by
the NS3.1 protease domain present in the original polypro-
tein. This raises the intriguing possibility that these polypep-
tides might be important in modulating the activity of the NS3
protease domain. This is supported by recent experiments
that show that both NS2B and NS3 are required for cleavage
at the NS4B-NS5 site (T.J.C. and C.M.R., unpublished
results). - ’

At this point it is unclear whether the preference observed
for cleavage at the NS2B-NS3 site prior to the NS2A-NS2B
site is peculiar to the construct used in our in vitro studies or
reflects the situation for processing of the intact polyprotein
in vivo. Differences in cleavage site preferences have been
well documented in cleavages catalyzed by the picornavirus
3C (31) and the alphavirus nsP2 (32) proteinases. In both
cases, substrate preferences are different when the protease
domain is part of larger polyprotein precursors and such
differences appear to be important for regulating various
steps in virus replication. Further studies will be necessary to
determine whether smular mechanisms play a role in altering
flavivirus proteinase activity during the course of infection
that in turn result in the modulation of RNA synthesis or
virion assembly.

Thus far, it has not been possible to clearly demonstrate
cleavage at YF NS3-NS4A and NS4B-NSS5 sites in vitro
despite analysis of a number of different constructs in the
presence or absence of microsomal membranes. Correct
processing at the NS3-NS4A and NS4B-NSS5 sites may
depend on a specific membrane configuration of the poly-
protein or on higher concentrations of protease that were not
achieved with the present in vitro system. However, in
transient expression experiments, we have recently obtained
evidence that the NS3 protease also catalyzes these cleav-
ages. Studies aimed at defining the order, kinetics, and
cis-trans properties of the viral protease toward these and
altered cleavage sites and the lmportance of these cleavages
for virus replication are now in order.
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